Mass spectra of heavy baryons are calculated in the heavy-quark-light-diquark picture in the framework of the QCD-motivated relativistic quark model. The dynamics of light quarks in the diquark as well as the dynamics of the heavy quark and light diquark in the baryon are treated completely relativistically without application of nonrelativistic v/c and heavy quark 1/m Q expansions. Such approach allows us to get predictions for the heavy baryon masses for rather high orbital and radial excitations. On this basis the Regge trajectories of heavy baryons for orbital and radial excitations are constructed, and their linearity, parallelism, and equidistance are verified. The relations between the slopes and intercepts of heavy baryons are considered and a comparison of the slopes of Regge trajectories for heavy baryons and heavy-light mesons is performed. All available experimental data on heavy baryons fit nicely to the constructed Regge trajectories. The possible assignment of the quantum numbers to the observed excited charmed baryons is discussed.
I. INTRODUCTION
Recently a significant experimental progress has been achieved in studying the heavy baryon spectroscopy. In the last five years the number of the observed charmed and bottom baryons almost doubled and now it is nearly the same as the number of known charmed and bottom mesons [1] . Observations of new charmed baryons were mainly done at the B-factories, while new bottom baryons were discovered at Tevatron [2] . It is expected that new data on excited bottom baryons will come soon from the LHC, where they are supposed to be copiously produced. Due to the poor statistics, the quantum numbers of most of the excited states of heavy baryons are not known experimentally and are usually prescribed following the quark model predictions [1] .
In this paper we investigate heavy baryon spectroscopy in the framework of the QCDmotivated relativistic quark model based on the quasipotential approach [3, 4] . To simplify the very complicated relativistic three-body problem heavy baryons are considered in the heavy-quark-light-diquark approximation. This reduces the initial three-body problem to two step two-body calculations. First, the light diquark properties, such as masses and form factors, are presented [4] . Then a heavy baryon is considered as the bound system of a heavy quark and a light diquark. In order to take into account the rather large size and structure of the light diquark, its nonlocal interaction with gluons is described by the form factor expressed in terms of the diquark wave functions. All heavy baryon excitations, both orbital and radial, are assumed to occur in the bound system of the heavy quark and light diquark, while the latter is taken only in the ground (scalar or axial vector) state. Such scheme significantly reduces the number of the excited baryon states compared to the genuine three-quark picture. The goal of this paper is the calculation of the masses of the excited heavy baryons up to rather high orbital and radial excitations. This will allow us to construct the heavy baryon Regge trajectories both in the (J, M 2 ) and (n r , M 2 ) planes, where J is the baryon spin, M is the baryon mass and n r is the radial quantum number. Then we can test their linearity, parallelism and equidistance and determine their parameters: Regge slopes and intercepts. Their determination is of great importance, since they provide a better understanding of the hadron dynamics. Moreover, their knowledge is also important for non-spectroscopic problems such as, e.g., hadron production and high energy scattering. Since we are going to calculate highly excited heavy baryon states it is important to use a fully relativistic approach, which does not use the nonrelativistic v/c expansion for light quarks and diquarks and does not employ the heavy quark 1/m Q expansion for the heavy quark.
The heavy baryon spectroscopy has been extensively studied in the literature [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Various quark models [2, [4] [5] [6] [7] [8] 13] , heavy quark 1/m Q and 1/N c expansions [9] , quenched and unquenched lattice calculations [10, 11] and QCD sum rules [12] have been used. However, in all these calculations either masses of the ground state baryons were obtained or only a few lowest orbital and radial excitations were considered. Therefore the Regge trajectories of heavy baryons have not been constructed. Contrarily, the Regge trajectories of light baryons received significant attention [2, [14] [15] [16] [17] [18] [19] [20] [21] . The related investigations were performed on the basis of quark models [14] [15] [16] [17] , empirical relations [19] and in models based on the AdS/QCD duality [20, 21] . It was shown that the highly orbitally excited light baryons have an antisymmetric structure of the quark-diquark type [14, 15] and such configuration minimizes the energy [14] . Only in this case light baryon and meson Regge trajectories have the same slope [14, 15] 1 which is in agreement with experimental data. Several simple relations between slopes and intercepts of light and heavy baryons have been deduced in different models within QCD (see, e.g., [16, 22, 23] and references therein). They were used for obtaining various linear and quadratic mass relations between baryon masses [23] .
The paper is organized as follows. In Sec. II we present the relativistic quark-diquark model of heavy baryons. First we discuss properties of light diquarks and give their masses and form factors. Then a heavy baryon is considered as the bound system of a heavy quark and a light diquark. The completely relativistic expressions for the corresponding quasipotentials are given. In Sec. III the heavy baryon spectroscopy is presented and discussed. Our predictions for charmed and bottom baryon masses are confronted with the available experimental data. The obtained results are used for constructing the heavy baryon Regge trajectories both in the (J, M 2 ) and (n r , M 2 ) planes. The prescription of the observed baryon states to the particular trajectory allows to determine their quantum numbers. Then we obtain slopes and intercepts of parent and daughter trajectories and test the proposed relations between them. Finally, a comparison of the slopes of the heavy meson and heavy baryon Regge trajectories is performed. We present our conclusions in Sec. IV.
II. RELATIVISTIC QUARK-DIQUARK MODEL OF HEAVY BARYONS
In the quasipotential approach and quark-diquark picture of heavy baryons the interaction of two light quarks in a diquark and the heavy quark interaction with a light diquark in a baryon are described by the diquark wave function (Ψ d ) of the bound quark-quark state and by the baryon wave function (Ψ B ) of the bound quark-diquark state respectively, which satisfy the quasipotential equation of the Schrödinger type [3] 
The kernel V (p, q; M) in Eq. (1) is the quasipotential operator of the quark-quark or quark-diquark interaction. It is constructed with the help of the off-mass-shell scattering amplitude, projected onto the positive energy states. In the following analysis we closely follow the similar construction of the quark-antiquark interaction in mesons which were extensively studied in our relativistic quark model [3] . For the quark-quark interaction in a diquark we use the relation V= V/2 arising under the assumption about the octet structure of the interaction from the difference of theandcolour antitriplet and singlet states. An important role in this construction is played by the Lorentz-structure of the nonperturbative confining interaction. In our analysis of mesons, while constructing the quasipotential of the quark-antiquark interaction, we adopted that the effective interaction is the sum of the usual one-gluon exchange term with the mixture of long-range vector and scalar linear confining potentials, where the vector confining potential contains the Pauli term. We use the same conventions for the construction of the quark-quark and quarkdiquark interactions in the baryon. The quasipotential is then defined by the following expressions [3, 24] (a) for the quark-quark (qq) interaction in the colour antitriplet state
where ε is the mixing coefficient. The constituent quark masses m u = m d = 0.33 GeV, m s = 0.5 GeV, m c = 1.55 GeV, m b = 4.88 GeV, and the parameters of the linear potential A = 0.18 GeV 2 and B = −0.3 GeV have the usual values of quark models. The value of the mixing coefficient of vector and scalar confining potentials ε = −1 has been determined from the consideration of charmonium radiative decays [27] and the heavy quark expansion [28] . Finally, the universal Pauli interaction constant κ = −1 has been fixed from the analysis of the fine splitting of heavy quarkonia 3 P J -states [27] . Note that the long-range chromomagnetic contribution to the potential in our model is proportional to (1 + κ) and thus vanishes for the chosen value of κ = −1.
Since we deal with diquarks and baryons containing light quarks we adopt for the QCD coupling constant α s (µ 2 ) the simplest model with freezing [29] , namely α s (µ 2 ) = 4π
where the scale is taken as µ = 2m 1 m 2 /(m 1 + m 2 ), the background mass is M B = 2.24 √ A = 0.95 GeV [29] , and Λ = 413 MeV was fixed from fitting the ρ mass [31] . Note that an other popular parametrization of α s with freezing [30] leads to close values.
A. Light diquarks
At the first step, we present the masses and form factors of the light diquark [4] . As it is well known, the light quarks are highly relativistic, which makes the v/c expansion inapplicable and thus, a completely relativistic treatment is required. To achieve this goal in describing light diquarks, we closely follow our consideration of the light meson spectra [32] and adopt the same procedure to make the relativistic quark potential local by replacing (3) and discussion in Ref. [32] ). The quasipotential equation (1) is solved numerically for the complete relativistic potential which depends on the diquark mass in a complicated highly nonlinear way [4] . The obtained ground state masses of scalar and axial vector light diquarks are presented in Table I .
In order to determine the diquark interaction with the gluon field d(P )|J µ |d(Q) , which takes into account the diquark structure, it is necessary to calculate the corresponding matrix element of the quark current between diquark states. This diagonal matrix element can be parametrized by the set of elastic form factors in the following way (a) scalar diquark (d = S) 
where k = P − Q and ε d (P ) is the polarization vector of the axial vector diquark. The calculation of the matrix element of the quark current J µ =qγ µ q between the diquark states leads to the emergence of the form factor F (r) entering the vertex of the diquark-gluon interaction [4] . Then the elastic form factors in Eqs. (15) and (16) are expressed by
where the form factor F (r) is given by the overlap integral of the diquark wave functions. Using the numerical diquark wave functions we find that F (r) can be approximated with high accuracy by the expression [4] F (r) = 1 − e −ξr−ζr 2 .
The values of the parameters ξ and ζ for the ground states of the scalar [q, q ′ ] and axial vector {q, q ′ } light diquarks are given in Table I .
These substitutions make the Fourier transform of the potential (6) local, but introduce a complicated nonlinear dependence of the potential on the baryon mass M through the on-mass-shell energies E d and E Q . The resulting Qd potential then reads
where the spin-independent V SI (r) part is given by
Here ∆ is the Laplace operator, andV Coul (r) is the smeared Coulomb potential which accounts for the diquark internal structurê
The structure of the spin-dependent potential is given by
where L is the orbital angular momentum; S d and S Q are the diquark and quark spin operators, respectively. The coefficients a 1 , a 2 , b and c are expressed through the corresponding derivatives of the smeared Coulomb and confining potentials:
Both the one-gluon exchange and confining potential contribute to the quark-diquark spinorbit interaction. The quasipotential (18)- (24) generalizes the one obtained previously in the framework of the heavy quark 1/m Q expansion [13] . Note that the expansion of the extended potential (18)- (24) up to the second order in 1/m Q and the subsequent substitution of the quark energies ǫ Q (p) by the corresponding energies on mass shell E Q , reproduces the potential of Ref. [13] . For the scalar diquark (S d = 0) only the term (22), responsible for the heavy quark spin-orbit interaction, contributes to the spin-dependent potential (20) , whereas for the axial-vector diquark (S d = 1) all terms (21)- (24) contribute to the spin-dependent potential (20) . Solving numerically Eq. (1) with the complete relativistic quasipotential (18) we get the baryon wave function Ψ B . Then the total baryon wave function is a product of Ψ B and the spin function U B (for details see Eq. (43) of Ref. [33] ).
It is necessary to note that the presence of the spin-orbit interaction LS Q and of the tensor interaction in the quark-diquark potential (21)- (23) results in a mixing of states which have the same total angular momentum J and parity P but different light diquark total angular momentum (L + S d ). Such mixing is considered along the same lines as in our previous calculations of the mass spectra of doubly heavy baryons [24] .
III. RESULTS AND DISCUSSION

A. Heavy baryon masses
We solve numerically the quasipotential equation with the quasipotential (18) which nonperturbatively accounts for the relativistic dynamics both of the light diquark d and heavy quark Q. The calculated values of the ground and excited state baryon masses are given in Tables II-VI in comparison with available experimental data [1] . In the first two columns we give the baryon quantum numbers (I(J P )) and the state of the heavy-quarklight-diquark (Qd) bound system (in usual notations (n r + 1)L), while in the remaining columns our predictions for the masses and experimental data are shown.
It is important to note that in the adopted quark-diquark picture of heavy baryons we consider solely the orbital and radial excitations between the heavy quark and light diquark, while light diquarks are taken in the ground (scalar or axial-vector) state. As a result, we get significantly less excited states than in the genuine three-quark picture of a baryon. As it is seen from Tables II-VI, such an approach is supported by available experimental data, which are nicely accommodated in the quark-diquark picture.
Comparing the new values of heavy baryon masses presented in Tables II-VI with the previous results, obtained by using the heavy quark expansion [13] , we can estimate the importance of higher order corrections in 1/m Q . Such comparison confirms expectations that they are mainly important for highly excited heavy baryon states and that charmed baryons are stronger affected than the bottom ones. Indeed, the difference of masses, obtained with and without expansion in 1/m Q , does not exceed a few MeV for the ground state heavy baryons, while for excited states such difference in some cases reaches tens MeV, especially for the charmed baryons. 
B. Regge trajectories of heavy baryons
In the presented analysis we calculated masses of both orbitally and radially excited heavy baryons up to rather high excitation numbers (L = 5 and n r = 5). This makes it possible to construct the heavy baryon Regge trajectories both in the (J, M 2 ) and in the (n r , M 2 ) planes. We use the following definitions. (a) The (J, M 2 ) Regge trajectory:
(b) The (n r , M 2 ) Regge trajectory:
where α, β are the slopes and α 0 , β 0 are intercepts. In Figs Tables VII and VIII . We see that the calculated heavy baryon masses fit nicely to the linear trajectories in both planes. These trajectories are almost parallel and equidistant. The obtained results allow us to determine the possible quantum numbers of the observed heavy baryons and prescribe them to a particular Regge trajectory. In the (J, M 2 ) plane there are three trajectories for which three experimental candidates are available (parent trajectories for the Λ c Λ c (2940), probably has I = 0, since it was discovered in the pD 0 mass spectrum and not observed in pD + channel, but I = 1 is not ruled out [1] . If it is really the Λ c , state then it could be both an orbitally and radially excited (2P ) state with J = Table III ).
The results for masses and the Regge trajectories of the Ξ Q baryons both with the scalar and axial vector diquarks are given in Tables IV, V and Figs. 3, 4, 8, 9 . From these tables and plots we see that the Ξ c (2790) and Ξ c (2815) can be assigned to the first orbital (1P ) excitations of the Ξ c containing a scalar diquark with J = Tables II-VI) and agree well with measurements [1] .
The detailed comparison of our predictions for the masses of the ground and lowest excited states of heavy baryons with the results of other theoretical calculations [5] [6] [7] is given in Table 8 of Ref. [13] .
C. Relations between parameters of the Regge trajectories
The slopes of the Regge trajectories, given in Tables VII, VIII, follow in both planes the pattern previously observed for light and heavy mesons [31, 35] . They decrease with the increase of the diquark mass or with the increase of the heavy quark mass. The latter decrease is even more pronounced. The mass dependence of the parameters of the Regge trajectories is the result of the flavour dependence of the potential (18) . Such behaviour agrees with the phenomenological consideration of Ref. [23] . It was argued in the literature on the basis of different models within QCD (see e.g. [16, 22, 23] and references therein) that the parameters of the Regge trajectories for the baryon multiplets with given J P and different quark constituents can be related by a set of relations, which for heavy baryons is given by:
(a) the additivity of inverse slopes
(b) the additivity of intercepts
(c) the factorization of slopes
Such relations were extensively used in the literature for obtaining different linear and quadratic mass relations for light and heavy baryons (see e.g. [23] and references therein) and for obtaining on their basis predictions for the baryon masses. However, it was argued in Ref. [16] that relations (27) and (29) are incompatible for heavy baryons. Moreover, it was shown there that the factorization of slopes (29) violates the heavy quark limit for heavy baryons, but this violation introduces rather small errors (less than 15%). The test of the validity of these relations in our model is given in Table IX . It is not surprising that all relations for the slopes are satisfied within the error bars both for parent and daughter trajectories, since the slopes have close values. Let us mention that the slopes of the parent Regge trajectories in the (J, M 2 ) plane, obtained in our approach have close values to the ones found in the phenomenological analysis [23] , based on the different mass relations for light and heavy baryons.
It is important to compare the values of the slopes of the Regge trajectories for heavy baryons, heavy-light and light mesons. From the comparison of the heavy baryon slopes in Tables VII, VIII we see that the α values are systematically larger than the β ones. The ratio of their mean values is about 1.5 both for the charmed and bottom baryons. This value of the ratio is very close to the one found for the heavy-light mesons [35] and is slightly larger than the one (1.3) obtained for the light mesons [31] .
From comparison of Tables VII, VIII and Tables 4, 5 of Ref. [35] we find that for the same flavour of the heavy quark the heavy baryon slopes have higher values than the heavy-light meson ones. It is interesting that the ratios of the heavy baryon to heavy-light meson slopes objects. Their internal structure was taken into account by including form factors of the diquark-gluon interaction in terms of the diquark wave functions. The dynamics of light quarks inside a diquark as well as the dynamics of a light diquark and a heavy quark inside a baryon were treated completely relativistically without application of either the nonrelativistic v/c or heavy quark 1/m Q expansions. Such nonperturbative approach is especially important for the highly excited charmed baryon states, where the heavy quark expansion is not adequate enough. It is important to emphasize that all parameters of our relativistic quark model such as quark masses and parameters of the interquark potential were fixed previously form the investigation of meson mass spectra and decay processes. Thus our model provides a unified universal description of meson and baryon properties. We calculated the masses of ground, orbitally and radially excited heavy baryons up to rather high excitations (L = 5 and n r = 5). This allowed us to construct the Regge trajectories both in the (J, M 2 ) and (n r , M 2 ) planes. It was found that they are almost linear, parallel and equidistant. The available experimental data nicely fit to them. The assignment of the experimentally observed heavy baryons to the particular Regge trajectories was carried out. This allowed us to determine the quantum numbers of the excited heavy baryons. It was found that all currently available experimental data can be well described in the relativistic quark-diquark picture, which predicts significantly less states than the genuine three-body picture.
The comparison of the slopes of the Regge trajectories of heavy baryons and heavy-light mesons was given. It was found that the slope values of heavy baryons are approximately 1.4 times higher than the ones of heavy mesons with the same flavour of the heavy quark.
